[1] This study investigates the performances of four major global Leaf Area Index (LAI) products at 1/11.2°spatial sampling and a monthly time step: ECOCLIMAP climatology, GLOBCARBON (from SPOT/VEGETATION and ATSR/AATSR), CYCLOPES (from SPOT/VEGETATION) and MODIS Collection 4 (main algorithm, from MODIS/TERRA). These products were intercompared during the 2001-2003 period over the BELMANIP network of sites. Their uncertainty was assessed by comparison with 56 LAI reference maps derived from ground measurements. CYCLOPES and MODIS depict realistic spatial variations at continental scale, while ECOCLIMAP poorly captures surface spatial heterogeneity, and GLOBCARBON tends to display erratic variations. ECOCLIMAP and GLOBCARBON show the highest frequency of successful retrievals while MODIS and CYCLOPES retrievals are frequently missing in winter over northern latitudes and over the equatorial belt. CYCLOPES and MODIS describe consistent temporal profiles over most vegetation types, while ECOCLIMAP does not show any interannual variations, and GLOBCARBON can exhibit temporal instability during the growing season over forests. The CYCLOPES, MODIS, and GLOBCARBON LAI values agree better over croplands and grasslands than over forests, where differences in vegetation structure representation between algorithms and surface reflectance uncertainties lead to substantial discrepancies between products. CYCLOPES does not reach high enough LAI values to properly characterize forests. In contrast, the other products have sufficient dynamic range of LAI to describe the global variability of LAI. Overall, CYCLOPES is the most similar product to the LAI reference maps. However, more accurate ground measurements and better representation of the global and seasonal variability of vegetation are required to refine this result.
Introduction
[2] Modeling Earth system processes requires observations of key surface characteristics provided at the relevant spatial and temporal resolution [Cayrol et al., 2000] . Among these surface characteristics, the Leaf Area Index (LAI), defined as half the total developed area of green (i.e., photosynthetic active) leaves per unit ground horizontal surface area [Chen and Black, 1992] , characterizes the structure and the functioning of vegetation. LAI is a key player in modeling ecosystem productivity [Moulin et al., 1998; Running et al., 1999; Turner et al., 1999; Zhang et al., 2005] , and energy, mass (e.g., water, CO 2 ), and momentum exchanges between the surface and the atmosphere [Dickinson, 1995; Sellers, 1997; Arora, 2002; Muñoz et al., 2008] .
[3] Remote sensing observations acquired with moderate resolution optical sensors (with pixel sizes from 250 m to 7 km) allow monitoring the seasonal and interannual variability of LAI fields over regional to global domains [Buermann et al., 2001; Nemani et al., 2003; Tian et al., 2004; Zhang et al., 2004; Gibelin et al., 2006; Ahl et al., 2006] . Several LAI data sets have been produced from NOAA/AVHRR including that of Sellers et al. [1996] and Los et al. [2000] ; that of Boston University [Myneni et al., 1997; Buermann et al., 2002; Nemani et al., 2003] and ECOCLIMAP [Masson et al., 2003 ]. More recently, three global LAI products have been derived from SPOT/VEG-ETATION since 1998: CYCLOPES , GLOBCARBON [Deng et al., 2006] , and one regional product produced by the Canada Centre for Remote Sensing (CCRS) over Canada [Fernandes et al., 2003] . LAI products have been also generated from TERRA-AQUA/ MODIS since 2000 [Yang et al., 2006a] . Other global LAI data sets have been produced but either for a limited period of time including one from ADEOS/POLDER [Roujean and Lacaze, 2002; Lacaze, 2005] and one from ENVISAT/ MERIS [Bacour et al., 2006] or for a limited spatial coverage such as one from TERRA/MISR [Knyazikhin et al., 1998; Hu et al., 2003] and one from MSG/SEVIRI over Africa and Europe (http://landsaf.meteo.pt/).
[4] Assessing the uncertainties in LAI products through comparison with in situ measurements, i.e., direct validation, is critical for their proper use in land surface models [Justice et al., 2000; Morisette et al., 2006] . However, because direct validation is time and resource intensive, existing validation data sets are not representative of the global and seasonal variability of vegetation . Conversely, evaluating the temporal and spatial consistency between products, i.e., product intercomparison, can easily be achieved over a large number of sites representing the global distribution of land surface types and over a complete vegetation cycle. Product intercomparison provides additional information on the relative performance of each LAI retrieval algorithm -a key requirement to properly combine multiple LAI products and thus extend the temporal and spatial extents of LAI fields in land surface models.
[5] However, the validation and intercomparison of global LAI products is currently limited to few products [Buermann et al., 2002; Tian et al., 2004; Abuelgasim et al., 2006; Bacour et al., 2006; Pisek and Chen, 2007; Weiss et al., 2007] and/or restricted spatiotemporal domains [Chen et al., 2002; Privette et al., 2002; Cohen et al., 2006; Morisette et al., 2006; Yang et al., 2006b] . There is thus a need to provide the user community with a more comprehensive assessment of the uncertainties in existing global LAI products.
[6] The objective of this work is to validate and intercompare four global LAI products, namely: CYCLOPES (Carbon Cycle and Change in Land Observational Products from an Ensemble of Satellites), ECOCLIMAP, GLOBCARBON (GLOBal Biophysical Products Terrestial CARBON Studies), and MODIS (MODerate resolution Imaging Spectroradiometer), at 1/11.2°spatial sampling and a monthly time step. These products will be intercompared during the 2001 -2003 period over the BELMANIP (Benchmark Land Multisite Analysis and Intercomparison of Products) network of sites, which represents the global variability of land surface types . The product uncertainties will be assessed using a large and unique validation data set, specially established for this exercise. The CCRS Canadian LAI product will be used as a regional reference to evaluate the performances of the considered global products over Canada. This work is a contribution to the global LAI validation and intercomparison initiative [Morisette et al., 2006] established by the Land Product Validation (LPV, http://lpvs.gsfc.nasa.gov) subgroup of the Committee on Earth Observation Satellites (CEOS) Working Group on Calibration and Validation (WGCV).
[7] The second section of this paper provides a general background on the estimation of LAI from remote sensing observations. In the third section, the products investigated are described. The methodology for validating and intercomparing global LAI products is presented in section 4. Results are given in section 5 and discussed in section 6 with respect to user requirements and potential ways for improving global LAI products.
LAI Estimation From Remote Sensing Data

LAI Algorithm
[8] LAI estimation from remote sensing data is based on the analysis of multispectral and multidirectional surface reflectance signatures of photosynthetic vegetation elements. Two approaches are generally used to retrieve LAI from surface reflectances. The first one consists in establishing empirical or semi-empirical relationships between LAI and vegetation indices (i.e., combination of surface reflectances), designed to maximize sensitivity to the vegetation characteristics while minimizing confounding factors such atmospheric noise, soil background or view-illumination geometry [Baret and Guyot, 1991; Myneni et al., 1995] . These relationships are specifically calibrated for distinct vegetation types using either concurrent in situ LAI and reflectance measurements [Chen et al., 2002; Fernandes et al., 2003] or simulations from canopy radiation models [Myneni et al., 1997; Deng et al., 2006] . The second approach is based on the inversion of a radiative transfer model [Goel, 1989; Myneni et al., 1997; Weiss and Baret, 1999] simulating surface reflectances from canopy structural characteristics (including LAI), soil and leaf optical properties, and view-illumination geometry. Look Up Table  ( LUT) [Knyazikhin et al., 1998 ] and neural network [Weiss and Baret, 1999; Bacour et al., 2006] are the main inversion techniques used to retrieve LAI from radiative transfer models. The expected range of the model parameters is either set up for each vegetation type (e.g., MODIS algorithm) or globally (e.g., CYCLOPES algorithm).
[9] To remove residual atmospheric, cloud contamination and eventually view-illumination effects, pre-or post-processing steps can be applied to LAI retrieval. This includes compositing techniques, which consist in filtering reflectances (e.g., CYCLOPES algorithm) or LAI estimates (e.g., MODIS algorithm) within a given time window, and seasonal smoothing (e.g., GLOBCARBON, CCRS algorithms), which aims at identifying noisy data in the LAI seasonal trajectory and replace them by smoothed LAI values [Sellers et al., 1996; Chen et al., 2006a; Gao et al., 2008] .
Sources of Uncertainty in LAI Estimation
[10] Three major sources of uncertainties affect the estimation of LAI from surface reflectances. Because of the ill-posed nature of the inverse problem, the estimation of LAI from surface reflectances is unstable, i.e., small variations in surface reflectance can result in large variations in LAI estimate [Knyazikhin et al., 1998; Combal et al., 2002; Tan et al., 2005] . Therefore, uncertainties in surface reflectance measurements, due to calibration errors, residual atmospheric and cloud contamination, background underneath the canopy (e.g., bright soil or snow cover), topography, view-illumination geometry effects (i.e., bidi-rectional effects), and reflectance saturation in dense canopies, tend to destabilize the LAI estimation process [Wang et al., 2001; Fernandes et al., 2003; Shabanov et al., 2005; Yang et al., 2006a] .
[11] The second source of uncertainty is related to the manner in which canopy architecture is represented in LAI retrieval algorithms. This mainly concerns the spatial variation of leaf area density leading to foliage clumping [Nilson, 1971; Chen and Black, 1992; Weiss et al., 2004] . Not accounting for the foliage clumping in LAI retrieval algorithms leads to substantial underestimation of actual LAI, especially for needleleaf forest [Chen et al., 1997] . Clumping occurs at several scales. At the plant scale, it corresponds to the spatial distribution of foliage elements along plant stems or trunks, branches, and shoots for trees. At the canopy scale, clumping depends on the spatial arrangement of plants within the canopy, as in the case of discontinuous canopies such as row crops. Finally, the clumping effect at the landscape scale is caused by the mosaic of vegetation patches such as forest stands, agricultural fields, or bare soils, which are often smaller than moderate resolution pixels [Garrigues et al., 2006a] . Since most LAI retrieval algorithms are nonlinear and have been calibrated at the patch scale, their application over heterogeneous moderate resolution pixels can induce a scaling bias on LAI estimates that can reach up to 50% of the actual LAI value [Chen, 1999; Tian et al., 2002; Garrigues et al., 2006b] . Another source of uncertainty comes from the canopy vertical heterogeneity, in particular the presence of an understory layer that can substantially amplify the canopy LAI [Chen et al., 1997; Eriksson et al., 2006] . Canopy vertical heterogeneity is generally not properly taken into account in current global retrieval algorithms. In addition, while LAI is defined with reference to green foliage, non-green elements (e.g., senescent leaves) can contribute to the radiometric signal. However, this contribution is generally of second order because green leaves tend to cover non-green elements and the radiometric signal of non-green elements is generally close to that of bare soil. Nevertheless, since the impact of non-green surfaces in the canopy is generally not properly documented for the LAI products under study, some clarifications are needed, especially in the context of their utilization in land surface models.
[12] The last source of uncertainty concerns the applicability of the algorithm to a range of vegetation types and environmental conditions. LAI retrieval algorithms are based on inherent empirical assumptions on the distribution of their parameters that can depart significantly from actual canopy and soil characteristics. For example, classification errors in algorithms using a land cover map for their spatial extension can generate an LAI estimation error up to 50% of the actual value Fernandes et al., 2003] . Besides, the number of land cover classes can be too low to represent the global variability of vegetation structure.
Products Investigated
[13] We provide here the main characteristics of the products under study (see Table 1 ). . Algorithm inputs are atmospherically corrected red, near-infrared (NIR), and shortwave-infrared (SWIR) reflectances normalized to a standard view-illumination geometry and with cloud or snow cover observations removed [Hagolle et al., 2005] . The normalization is performed by inversion of a reflectance model [Roujean and Lacaze, 2002] over data acquired during a moving compositing period of 30 d displaced by 10-d shifts. CYCLOPES LAI is estimated using a neural network trained from one-dimensional radiative transfer model (SAIL model [Verhoef, 1984] ) simulations. Estimations are weighted by an overall uncertainty of 0.04 on reflectances, accounting both for model and measurement uncertainties. Clumping at the plant and canopy scale is not represented in the CYCLOPES algorithm. Landscape clumping is partly taken into account by considering mixed pixels as a fraction of pure vegetation and pure bare soil when simulating the VEGETATION surface reflectance at the pixel level with the SAIL model. A flag value indicates when the retrieval algorithm fails, i.e., when there are less than two cloud-and snow-free observations in the compositing period (30 d) or when the retrieval is out of the valid range ([0 -8] ).
ECOCLIMAP
[15] The ECOCLIMAP database (http://www.cnrm. meteo.fr/gmme/PROJETS/ECOCLIMAP/page_ecoclimap. htm) provides a climatology of biophysical variables required for land surface modeling (including LAI), at 1/120°G SD and a monthly time step, in a Plate Carrée projection [Masson et al., 2003] . The October 2004 version was used in this work. ECOCLIMAP is based on a global classification into 15 main surface classes derived from the combination of several land cover maps and a world climate distribution. For each class, the variation range of LAI is assigned from in situ measurements, which account for vegetation clumping at the plant and canopy scales and represent only green foliage including forest understory. Then, for each pixel of the ECOCLIMAP grid, global NOAA/AVHRR monthly composites of the Normalized Difference Vegetation Index (NDVI) covering an annual cycle (1997 ( for Europe and 1992 ( -1993 for the rest of the world) are used to scale the temporal trajectory of LAI between the minimum and maximum LAI values of the corresponding pixel class. The premise for this approach is that LAI spatial variability within each vegetation class is low. In contrast to the other data sets under study, since ECOCLIMAP is a climatology, it does not describe interannual variations of LAI.
GLOBCARBON
[16] The GLOBCARBON LAI Version 1, distributed by http://geofront.vgt.vito.be/geosuccess/, is estimated for the period 1998-2003 from the combination of observations from two sensors: SPOT/VEGETATION and ENVISAT/ AATSR (or the equivalent ATSR-2 for the 1998 -2002 period for which ENVISAT/AATSR was not available). Individual estimates of LAI are produced for all the valid pixels from each sensor (atmospherically corrected, free from cloud, cloud shadow and snow) and then the median is computed at a 10-d time step from all the available values from all the sensors. The 10-d values are subjected to a smoothing and interpolation procedure [Chen et al., 2006a] . The smoothed LAI observations are then averaged over a one month period and aggregated to 1/11.2°GSD (about 10 km at equator) in a Plate Carrée projection. The GLOBCARBON algorithm [Deng et al., 2006] relies on land cover-specific relationships between LAI and combinations of red, NIR, and SWIR spectral bands, which were derived using the Four Scale canopy reflectance model . The algorithm also accounts for vegetation clumping at the plant and canopy scales by application of a cover-type dependent clumping index defined by Chen et al. [2005] . The global application of the algorithm is achieved using the Global Land Cover 2000 (GLC2000) map [Bartholome and Belward, 2005] . A flag value indicates when no LAI estimate is computed, i.e., when there are no clear observations and for particular GLC2000 classes (burnt and bare area, snow and ice area, artificial surfaces).
MODIS
[17] The TERRA MODIS LAI Collection 4, available from http://edcimswww.cr.usgs.gov/pub/imswelcome/, is considered here. Note that the upcoming MODIS LAI collection 5 [Yang et al., 2006c] was not available at the start of this work and our results are restricted to Collection 4. The Collection 4 data set was produced between February 2000 through 2006 at 1 km GSD and a 8-d time step over a sinusoidal grid [Yang et al., 2006a [Yang et al., , 2006b ]. The main algorithm is based on LUTs simulated from a three-dimensional radiative transfer model [Knyazikhin et al., 1998 ]. The MODIS red and NIR atmospherically corrected reflectances [Vermote et al., 1997] and the corresponding illumination-view geometry are used as inputs of the LUTs. The algorithm output is the mean LAI computed over the set of acceptable LUT elements for which simulated and measured MODIS surface reflectances differ within specified levels of model and surface reflectance uncertainties. When the main algorithm fails, a backup algorithm based on LAI-NDVI relationships, which were calibrated over the same simulations used to build the LUTs of the main algorithm, is used to estimate LAI. The backup algorithm provides an LAI of lower accuracy when compared to main algorithm retrievals [Yang et al., 2006a] . MODIS LAI retrievals are executed irrespective of cloud and snow state but the majority of retrievals under these conditions or under residual atmospheric contamination are performed by the back-up algorithm [Yang et al., 2006a] . Parameters of both main and backup algorithms are defined for 6 vegetation types and the MODIS land cover map [Friedl et al., 2002] is used for the global application of both algorithms. The MODIS algorithm accounts for vegetation clumping at the canopy and plant (shoot) scales through 3D radiative transfer formulations. The clumping at the landscape scale is partly addressed via mechanisms based on the radiative transfer theory of canopy spectral invariants [Knyazikhin et al., 1998; Tian et al., 2002; Huang et al., 2007] . LAI is first produced daily, and then the LAI value generated from the main algorithm (if none available, back-up retrievals) and corresponding to the maximum Fraction of Photosynthetically Active Radiation (fPAR) absorbed by the canopy (a variable also retrieved by the MODIS algorithm) is selected over an eight-day period. In this work, only main algorithm retrievals are considered as valid data. Note that no LAI is retrieved over bare and very sparsely vegetated areas, perennial ice and snow areas, permanent wetlands, urban, and water bodies.
CCRS
[18] The CCRS LAI product has been produced from SPOT/VEGETATION surface reflectances, normalized to a common acquisition geometry, at 1 km GSD and a 10-d time step over Canada, since 1998 until present, in a Lambert conical projection [Fernandes et al., 2003] . The algorithm relies on empirical relationships between in situ LAI measurements and vegetation indices for seven cover classes corresponding to vegetated surfaces types in Canada. Clumping is explicitly included up to scales of $1 ha through calibration of vegetation indices to field data sets. For forested areas, understory above a datum of 1.35 m (breast height) is included. The application of the algorithm to Canada is achieved using a regional land cover map derived from SPOT/VEGETATION data [Cihlar et al., 2003] . Over mixed (evergreen needleleaf and deciduous broadleaf) forest pixels, a needleleaf cover fraction (derived from SPOT/VEGETATION and ancillary data) is used to linearly weight the relationships related to each pure forest class. The output LAI estimates are smoothed over a moving window of $30 d. This product is used here as a regional reference data set as it has been extensively validated against field data [Chen et al., 2002; Fernandes et al., 2003; Abuelgasim et al., 2006] and generally meets CEOS performance targets during snow free periods. 
. Global Network of Sites
[19] The LAI products were intercompared over the BELMANIP network of sites that was designed to represent the global variability of land surface types . This benchmark network brings together 404 sites (full list at http://lpvs.gsfc.nasa.gov/lai_intercomp.php) extracted from several existing networks (AERONET, FLUXNET, VALERI, EOS Land Validation Core Sites, BigFoot, etc.). The land surface type of each BELMANIP site is defined using seven generic classes derived from the ECOCLIMAP classification (Masson et al., 2003) . In this paper, the LAI products are analyzed for the 5 generic vegetation classes from ECOCLIMAP, namely: grass, crop, evergreen needleleaf forest (ENF), deciduous broadleaf forest (DBF), evergreen broadleaf forest (EBF).
Resampling LAI Products to Common Spatial and Temporal Supports
[20] The LAI products must be compared over a similar spatial support area and temporal support period. They were thus resampled over the GLOBCARBON grid at 1/11.2°G SD and at a monthly time step, which are the coarsest spatial and temporal supports of the products investigated.
This approach is in agreement with other studies [Chen et al., 2002; Fernandes et al., 2003; Tan et al., 2006; Weiss et al., 2007; Tarnavsky et al., 2008] that suggest comparing remote sensing products at a substantially larger GSD than their native GSD to reduce potential coregistration errors between products and differences in sensor Point Spread Function (i.e., the PSF that determines the actual footprint of the data). The LAI for each 1/11.2°target pixel was computed as the average of the reprojected native pixels of a given product with pixel centers falling within the 1/11.2°a rea and the one month temporal window. A no-data value was assigned if more than half of the native pixels falling within the 1/11.2°area and the one-month temporal window are composed of invalid data.
Direct Validation Approach 4.2.1. LAI Reference Maps
[21] An important issue related to the validation of moderate resolution products is the support area mismatch between ground LAI measurement and moderate resolution pixel. The ''state of the art'' direct validation approach [Morisette et al., 2006] consists in using high spatial resolution imagery (with GSD between 20 m and 30 m) to scale the ground LAI measurements up to moderate resolution pixel. For this, a ''transfer function'' between high spatial resolution surface reflectances and LAI measurements is established, and then is applied to an appropriate extent of the high spatial resolution image. The resulting high spatial resolution LAI map is finally aggregated to larger pixel size for comparison with moderate resolution products.
[22] A total of 81 LAI reference maps (Table 2) were compiled over a subset of 41 of the BELMANIP sites between 2000 and 2004 through a coordinated international effort of the CEOS-WGCV LPV Sub-Group [Morisette et al., 2006] . The validation sites are selected to be homogeneous in terms of land cover type, vegetation composition and topography. The typical surface of the validation sites is between 9 km 2 and 100 km 2 , except for the CCRS sites corresponding to larger study areas of Canada (up to 54000 km 2 ). These large CCRS sites were cropped into multiple spatial subsets (Table 2) and each subset was used as an independent validation map.
Uncertainties in LAI Reference Maps
[23] LAI reference map accuracy is primarily affected by ground measurement errors [Fernandes et al., 2003] . The most accurate measurement is achieved using destructive samplings for foliage element area estimates, and locally calibrated allometric relationships to scale these estimates over plots [Chen et al., 1997; Jonckheere et al., 2004] . Because destructive techniques are too laborious to sample LAI over large areas, optical indirect techniques based on the analysis of light transmittance through the canopy [Chen et al., 1997; Jonckheere et al., 2004] are generally used to measure LAI. Optical measurements provide an effective LAI associated with several sources of uncertainties [Chen et al., 1997; Gower et al., 1999; Weiss et al., 2004; Chen et al., 2006b ]. First, they do not generally take into account foliage clumping, resulting in an underestimation of LAI up to 70% over coniferous forests [Chen and Cihlar, 1995; Stenberg, 1996] . Second, optical measurements usually do not distinguish between photosynthetically active tissues and other plant elements such as branches, stems, trunks, and senescent leaves, leading to a positive bias in measured LAI [Kucharik et al., 1998; Barclay et al., 2000; Stenberg et al., 2003; Chen et al., 2006b ]. Third, forest understory is not systematically taken into account in ground LAI measurements. This can result in substantial differences with the satellite LAI product derived from the vertical integration of the radiometric signal within the canopy [Chen et [Aragao et al., 2005] , simplification of leaf optical properties and insufficient spatial sampling within a plot Garrigues et al., 2008b] . For a subset of the LAI maps used in this work, some of these measurement errors have been corrected using appropriate techniques (Table 2) . Note, also, that contrary to moderate resolution LAI products, high spatial resolution LAI reference maps 
'green LAI'' and ''reference'', respectively. In the column ''Site'' the number in parenthesis indicates multiple spatial subsets over the site. In the column ''LC'', ENF, EBF and MF stand for evergreen needleleaf forest, evergreen broadleaf forest and mixed (evergreen needleleaf + deciduous broadleaf) forest, respectively. When multiple spatial or temporal subsets are available over the same site, the column ''Mean LAI'' provides the variation range of LAI (number into brackets) followed by the mean value. In the columns ''Clu'' and ''Un'', the value 1 (0) means that clumping and understory have (have not) been taken into account in the LAI measurement. In the column ''GL'', the value 1 indicates that only green elements are quantified excluding woody and senescent materials while 0 indicates that total Plant Area Index is measured. The column ''Ref'' indicates the research group and associated references for each validation site. The numbers refer to 1: BigFoot [Cohen et al., 2006] , 2: Boston University [Yang et al., 2006b] , 3: CCRS [Abuelgasim et al., 2006] , 4: U.S. Environmental Protection Agency [Iiames et al., 2004] , 5: SMEX02 , 6: University of Alberta [Kalacska et al., 2004 [Kalacska et al., , 2005a [Kalacska et al., , 2005b , and 7: VALERI . More information on each site and full list of validation sites can be found on the LPV website (http://lpvs.gsfc.nasa.gov).
are not affected by landscape clumping and can be considered free from scaling errors when aggregated to larger pixel size [Garrigues et al., 2006b] .
[24] While the overall uncertainty of each LAI reference map has not been documented, the typical LAI reference map corrected for clumping and non-green elements is reasonably expected to be within ±20% relative uncertainty or within an absolute uncertainty smaller than 1 LAI for most sites [Fernandes et al., 2003] . When the high spatial resolution LAI reference map is aggregated to a $10 km pixel size, most spatially random errors cancel out, decreasing the overall uncertainty by 50% and leaving only the measurement bias [Fernandes et al., 2001; Butson and Fernandes, 2004] . For effective LAI maps, the remaining bias is larger, due to the impact of clumping and non-green vegetation. Since the main source of uncertainty is the foliage clumping, only the LAI maps corrected for clumping (56 of the 81 LAI reference maps) will be used for the direct validation.
Comparison With Moderate Resolution LAI Products
[25] For all the products under study, the LAI value from the 1/11.2°target pixel containing the center of the validation site and from the month including the date of the ground measurement is extracted and compared with the LAI reference map aggregated within the 1/11.2°pixel. For the sites having a surface smaller than that of the 1/11.2°p ixel, the mean LAI reference map value over the site is extracted. Since most of these sites are homogeneous over areas larger than their actual size , the surface mismatch between the 1/11.2°pixel and the smaller LAI reference map only slightly affects validation results. The temporal mismatch between the monthly LAI value of the global product and the single date ground measurement should not impact validation results over evergreen forest sites, for which LAI is reasonably stable over one month. However, it can be a source of uncertainty over highly dynamic targets such as croplands, grasslands, and deciduous forests. For few forest sites, for which no validation data was available for the period under study (2001 -2003) , and for which interannual LAI variations are low over this period, we compared measurements collected in 2000 (2004) with the value of the global product acquired in 2001 (2003) for the same month. This choice was made since we were able to verify that no disturbances (e.g., fires, deforestation, etc.) occurred from 2000 (2003) to 2001 (2004) for these sites. Generally, scatter due to possible spatial and temporal mismatches between the LAI reference map and the moderate resolution product is minor compared to overall uncertainties of the LAI reference maps, and will not be explicitly considered here.
Results
[26] Discrepancies between the LAI products (or between the LAI products and the LAI reference maps) are quantified by the following metrics: the r 2 , the RMSE, the bias (denoted B) and the standard deviation of the difference between LAI products, i.e., the random fluctuation between products (denoted S). Note that B and S are two subcomponents of the total discrepancy quantified by the RMSE (RMSE 2 = B 2 + S 2 ). This is highly unrealistic and reflects the empirical nature of this product. For all the products, the frequency of low (high) LAI values decreases (increases) between January and July in agreement with the growing season over northern latitudes. Differences between product global distributions are smaller in January than in July, suggesting that most discrepancies between products occur during the Frequency is given in percentage of total number of pixel of the global grid. For clarity of presentation, the range of frequency (y axis) has been limited to 3%. The actual frequency of null LAI value for ECOCLIMAP is 12.95% for January and 12.79% for July. The actual frequency of null LAI for GLOBCARBON in January is 7.8%. Note, also, that few GLOBCARBON values are larger than 10, not represented here for clarity. growing season over northern latitudes. The higher frequencies shown by ECOCLIMAP compared to the other products are explained by the lack of missing data in its algorithm (see section 5.1.2). In particular, ECOCLIMAP shows much higher frequency of null LAI values compared to CYCLOPES, GLOBCARBON, and MODIS. Indeed, for these latter products the permanent ice areas are encoded as missing data while null LAI values are assigned in ECOCLIMAP. The frequency of low LAI values is much smaller for MODIS than for the other products, particularly in January. This is partly due to the overestimation of MODIS LAI over sparse vegetation and during the dormant season over DBF (see section 5.1.2). MODIS also has few null LAI values because bare and very sparsely vegetated lands, perennial ice and snow areas, permanent wetlands, urban, and water bodies are all masked in the MODIS algorithm. CYCLOPES rarely reaches LAI values larger than 4, indicating substantial underestimation over dense forests. In contrast, other products have a sufficient dynamic range of LAI to describe the global variability of LAI. The highest LAI values reached by GLOBCARBON, exceeding 10, are potentially unrealistic for 1/11.2°areas and are probably caused by artifacts from the smoothing process.
Regional Consistency
[28] The spatial consistency between products is now conducted at the regional scale. While all the continents have been analyzed, we present here the results over Africa and Canada, which illustrate the main spatial inconsistencies between products.
[29] Figure 2 displays CYCLOPES, ECOCLIMAP, GLOBCARBON and MODIS LAI values extracted along a 25°east longitude transect over Africa for July 2001.
[30] The best spatial continuity (i.e., no data gaps) along this transect is achieved for ECOCLIMAP, given it is a climatology, and GLOBCARBON, which benefits from multisensor observations and includes a gap filling processing in its algorithm. However, the GLOBCARBON spatial trajectory is highly noisy, particularly over the equatorial forest, which is possibly due to residual cloud or atmospheric effects. Since the ECOCLIMAP approach assumes low spatial variability within each vegetation class (see section 3.2), it is limited to capture the surface spatial heterogeneity within each vegetation class as compared to the other satellite products (e.g., wooded grassland, Figure 2 ). Two groups of product can be distinguished from this figure. First, CYCLOPES and GLOBCARBON derived from the same SPOT/VEGETATION observations describe very similar spatial variations and LAI magnitude over grassland and bushland. Second, MODIS and ECOCLIMAP show good agreement over equatorial forest, where they provide more realistic high LAI values compared to the low values from CYCLOPES and the very noisy values from GLOBCARBON.
[31] The global products are now compared to the CCRS LAI map over Canada considered here as a regional reference (see section 3.5). Figure 3 displays the differences between each global LAI map and the CCRS LAI map for July 2003.
[32] Overall, the CCRS map captures more spatial details than the other global products. This is mainly due to the finer land cover map used in the CCRS algorithm, which includes distinct types of crops, a representation of mixed needleleaf and broadleaf forest, and an accurate mapping of water bodies at the subpixel scale. For example, the visual comparison of the global product maps to the CCRS map in the south provinces of Canada (figures not shown here for brevity) indicates that all the global products are quite homogeneous over this region while the CCRS map resolves small vegetation patches (see the red box on Figure 3 ). All the global products (except ECOCLIMAP) underestimate LAI over these patches since they consist of mixed crop areas (corn, sorghum, canola [cf. Latifovic et al., 2004] ) that are not properly described in the global algorithms. Conversely, the area within the green box is mainly composed of grassland and cereal crops [Latifovic et al., 2004] , over which all the global products (except ECOCLIMAP) agree with the CCRS LAI map.
[33] ECOCLIMAP shows the largest spatial inconsistencies and positive bias (BIAS = 1.46) with the CCRS product due to interannual variations and disturbances (fires, icestorms, insect damages, deforestation) over Canada between 1992 (date of the ECOCLIMAP climatology) and 2003. The highest consistency with the CCRS map is reached by CYCLOPES (RMSE = 0.57) followed by GLOBCARBON (RMSE = 0.77). CYCLOPES slightly overestimates CCRS LAI mainly over arctic vegetation (north of Canada) and underestimates it over boreal forest. The latter is due to the lack of clumping representation at the shoot scale in the CYCLOPES algorithm. GLOBCARBON shows contrasting results over Canadian forests with possible large overestimation over the boreal shield and the Atlantic maritime zone and underestimation over Pacific maritime and rocky zones, indicating possible uncertainties in the clumping index used in the GLOBCARBON algorithm. GLOBCARBON instability over forest will be confirmed by the temporal analysis in the section 5.1.2. Note, also, that GLOBCARBON shows systematic missing data in the center of Canada because the LAI was not estimated for pixels classified as ''Burned forest'' in the GLC2000 land cover map. A large positive bias (B = 0.9) is observed for MODIS over Canadian forests. This is mainly due to the lack of species based information on shoot structure in the MODIS LUTs [Abuelgasim et al., 2006; Rochdi et al., 2006] , incorrect land cover labeling amplified by a high sensitivity of MODIS algorithm to vegetation class, and the lack of use of the SWIR band that was proven to improve LAI estimation over mixed forests with variable understory conditions [Brown et al., 2000] . These figures also underline the very low spatial continuity of MODIS for which the main algorithm frequently fails over boreal Canadian forest (see section 5.1.2).
Vegetation Class Consistency
[34] To assess the discrepancies between the LAI products at the global scale, product versus product scatterplots are generated over the BELMANIP sites, using the LAI values from the 48 months of the 2001 -2003 period, for each vegetation class under study (Figures 4 -8) . [35] ECOCLIMAP provides much larger LAI estimates than the other products, however, with MODIS smaller discrepancies were found over forests. Note, in particular, that over grassland and cropland very low CYCLOPES, GLOBCARBON and MODIS LAI estimates can correspond to very high ECOCLIMAP LAI values. This reflects the lack of LAI interannual variations in the ECOCLIMAP algorithm.
[36] The best agreement between products is reached over grasslands and croplands (Figures 4 and 5 ) between CYCLOPES and GLOBCARBON (RMSE = 0.56 for grass and 0.74 for crops), and between MODIS and CYCLOPES (RMSE = 0.57 for grass and 0.65 for crops). We note, however, a slight bias between retrievals: MODIS > CYCLOPES > GLOBCARBON. Reasons for these biases are not obvious and can be due to differences in both the canopy models and/or the input surface reflectances, used in each retrieval algorithm. Indeed, Verger et al. [2008] have shown over all the BELMANIP sites during the 2002 -2003 period that the CYCLOPES surface reflectances were between 5 and 8% lower than MODIS ones. Over croplands, the landscape clumping which is taken into account in both the CYCLOPES and MODIS algorithm but not in the GLOBCARBON algorithm may explain part of the lower GLOBCARBON LAI estimates.
[37] Over forests, MODIS provides much larger LAI estimates than CYCLOPES (B between 0.9 and 1.3) and GLOBCARBON (B between 0.9 and 1.2). Discrepancies between retrievals over forests reflect substantial differences in canopy structure modeling (e.g., clumping and understory) in each algorithm. Indeed, the early saturation of surface reflectance and the lack of clumping representation (at the plant and canopy scales) in the CYCLOPES algorithm [Weiss et al., 2007] limit the range of LAI estimates (maximum value of 4) over forests . Since both MODIS and GLOBCARBON algorithms account for vegetation clumping at the shoot scale, positive biases between their LAI retrievals and those from CYCLOPES algorithm are expected over ENF. While this is verified for MODIS, differences between GLOBCARBON and CYCLOPES show large random fluctuations (S = 0.98 and B = 0) for LAI smaller than three (Figure 6 ). This may be due to either uncertainties in the clumping index used in the GLOBCARBON algorithm or other sources of error in the CYCLOPES and GLOBCARBON algorithms which cancel out the clumping effect. Very high LAI values (larger than 8) occasionally shown by GLOBCARBON are unrealistic for ENF targets at 1/11.2°GSD. Also, the low (less than 1) LAI values shown by MODIS, CYCLOPES and particularly GLOBCARBON are unrealistic for closed canopy ENF. This may be due to inadequate masking of clouds or snow.
[38] Over DBF (Figure 7 ), products are better correlated than over ENF, with particularly good agreement between CYCLOPES and GLOBCARBON (RMSE = 0.67). This is mainly explained by the lower foliage clumping generally observed over DBF than over ENF.
[39] The most important discrepancies between retrievals are observed over EBF (RMSE between 1.22 and 2.80, Figure 8 ) due to saturation of the radiometric signal (at LAI$4 for CYCLOPES and LAI$6 for MODIS), residual atmospheric and cloud contamination as well as differences in canopy structure representation between algorithms. As over ENF, LAI estimates smaller than 1 (e.g., GLOBCARBON and CYCLOPES) are unrealistic for evergreen vegetation.
Temporal Consistency
[40] For their effective use in land surface models, LAI products should generally limit gaps in their time series. Thus, we first evaluate the temporal continuity (i.e., frequency of valid retrievals) of the products for each vegetation class over the BELMANIP sites during the period 2001 -2003 (Table 3) . MODIS shows the lowest temporal continuity, particularly over forest, followed by CYCLOPES, mainly due to cloud, atmospheric and snow contamination, or failure of the MODIS main algorithm over DBF. Note, that the wider temporal window used for compositing in the CYCLOPES algorithm (30 d), compared to the 8-d period used in the MODIS algorithm, reduces the frequency of missing data for CYCLOPES. ECOCLIMAP has by definition no missing data (the low amount of missing data over DBF is due to errors in the ECOCLIMAP water mask). In the GLOBCARBON algorithm, the post-processing gap filling and the concurrent use of observations from two sensors explain the lower frequency of missing data. Note, however, that GLOBCARBON data are systematically missing over some particular locations while other products provide valid data, such as the Altiplano in Bolivia (TURCO, sparse vegetation À18.24S; À68.19W), sites in Europe (e.g., Sonian, forest, 50.77N; 4.41E) among others, without obvious explanations.
[41] We now evaluate the consistency of the temporal trajectory of each product over selected BELMANIP sites (three per vegetation class) for the period 2001 -2003 (Figure 9 ). For the Canadian sites, the global products are also compared to the CCRS regional reference. Thirteen of the 18 temporal plots display one or more LAI groundbased measurement, that is, the mean LAI reference map available over the site.
[42] Over grasslands (Figure 9a ), the LAI products show similar temporal trajectories, however, with differences in magnitude. While the strongest agreement is achieved between CYCLOPES and MODIS as shown at Larzac, ECOCLIMAP shows the highest LAI value and GLOBCARBON the lowest. Note, however, that during the dry season at Gourma and Sevilleta, ECOCLIMAP and MODIS maintain higher LAI values than the more realistic low LAI values of CYCLOPES and GLOBCARBON. All the products, except ECOCLIMAP, properly capture interannual variability such as the decrease of LAI at Sevilleta in 2003 due to reduced precipitation, or the early drop of LAI at Larzac in 2003 due to a significant summer drought over western Europe. The temporal continuity of the products is generally good, except for MODIS at Gourma, where the main algorithm fails frequently without an apparent reason.
[43] Over cropland (Figure 9b ), all the products generally have realistic seasonal profiles. Note, however, that ECOCLIMAP cannot capture interannual variability and its seasonal trajectory can be completely shifted (e.g., Haouz) as compared to that of other products. MODIS, CYCLOPES, and GLOBCARBON agree well over Walnut Creek. However, the best agreement over most crop sites is achieved between CYCLOPES and MODIS, which are also the closest to ground measurements.
[44] Over ENF sites (Figure 9c ), the products generally depict similar seasonal trajectories generated by the presence of understory (e.g., Nezer, Flakaliden) and/or broadleaf trees (e.g., Thompson site). Over Nezer and Flakaliden, most products describe low interannual variability, which is consistent for these sites. However, GLOBCARBON shows spurious temporal variations such as the drop of LAI over Nezer in summer of 2003, which is possibly due to residual cloud or atmospheric effects not corrected by the GLOBCARBON smoothing process. Over northern high latitude ENF sites (Thompson and Flakaliden), snow and cloud occurrence as well as low solar zenith angle in winter explain the lack of data for MODIS and CYCLOPES. The post-processing gap filling allows GLOBCARBON to provide LAI in winter over Thompson and Flakaliden, however, these value are too low (close to zero) to be realistic for an ENF site. The comparison to the CCRS product over Thompson indicates that during the growing season, MODIS, ECOCLIMAP, and GLOBCARBON frequently show too high LAI values to be representative of Canadian forests, where water bodies often cover a substantial portion of any given 1/11.2°grid cell [Abuelgasim et al., 2006] . These figures also confirm the instability of GLOBCARBON product over ENF, whose magnitude can be as large as that of MODIS and ECOCLIMAP (Thompson) or lower than that of all the other products (Nezer, Flakaliden) despite the clumping included in its algorithm.
[45] The products also properly capture the seasonality of DBF sites (Figure 9d ). They generally show smaller differences in magnitude than those observed over ENF, in particular for GLOBCARBON and CYCLOPES, which are very close to the CCRS product and the ground measurements (e.g., Larose). The MODIS LAI estimates are much larger than the other product estimates, especially in winter when the amount of vegetation is expected to be quasi null (except for Harvard and Larose which contain ENF). Besides, most MODIS main algorithm retrievals are frequently missing around the vegetation peak. As reported by Shabanov et al. [2005] , the overestimation and failure of the MODIS main algorithm over broadleaf forest are due to inaccurate radiative transfer parameters (leaf albedo), lack of discrimination between EBF and DBF classes, and a high sensitivity of the retrieval algorithm to noise in surface reflectances (mainly aerosol contamination increasing in summer over northern high latitude forest) for large LAI (saturation domain). These figures also confirm the higher temporal instability of GLOBCARBON compared to the other products. [46] The largest temporal inconsistencies are reached over EBF sites (Figure 9e ). Because of high cloud occurrence, atmospheric contamination (aerosols), and saturation of the radiometric signal, CYCLOPES, and particularly MODIS, show poor temporal continuity. While seasonality is certainly lower over EBF than other biomes, it has been reported that vegetation amount temporally varies in relation with light availability and rainfall [Xiao et al., 2006; Myneni et al., 2007] . The ECOCLIMAP temporal trajectory is stable and continuous but does not show any seasonality over Tapajos and Counami. GLOBCARBON captures seasonal variations, which are, however, too large (minimum value too low) and too erratic (especially at Congo forest site) to be realistic, suggesting frequent failure of the postprocessing gap filling.
Direct Validation
[47] In the previous sections, we have shown substantial differences in LAI magnitude between products. We further investigate this aspect by directly comparing each product with the LAI reference maps (Table 2 ) corrected for vegetation clumping (Figure 10 ). The number of validation points was similar for all the products, except for MODIS, which has much fewer valid data over mixed forest (see previous section). The uncertainty of each product is quantified by the RMSE computed over the same set of LAI reference maps for which all the products provide valid data.
[48] The lowest uncertainty is achieved by CYCLOPES (RMSE = 0.78) followed by GLOBCARBON (RMSE = 1.15) and MODIS (RMSE = 1.19). ECOCLIMAP shows the largest uncertainty (RMSE = 1.56) and generally overestimates the LAI reference maps, due to large uncertainties in the LAI measurements used in the ECOCLIMAP algorithm, poor description of surface spatial variability, poor performances of the AVHRR NDVI time series (in terms of radiometric calibration, geometry, atmospheric correction and cloud screening), and lack of interannual variations.
[49] In addition to the uncertainties in surface reflectance (mainly residual aerosol and cloud contamination) that can affect LAI retrievals of all the products over all vegetation classes, the accuracy of each product varies with vegetation class as explained below. Over cropland and grassland, CYCLOPES and MODIS are more accurate than GLOBCARBON which systematically underestimates the LAI reference maps. Note, however, that for one point, corresponding to a mixed forest and crop site (Gilching, see Table 2 ), all the products show large underestimation. This may be due to error in land cover labeling for MODIS, ECOCLIMAP, and GLOBCARBON for which this site is considered to be pure cropland. In general, mixed vegetation sites are not properly described by global LAI products. The lack of landscape clumping in the GLOBCARBON algorithm may explain part of its larger LAI underestimation over agricultural sites compared to CYCLOPES and MODIS.
[50] MODIS Collection 4 substantially overpredicts LAI over ENF and mixed forests confirming results from Leuning et al. al. [2006] , Ahl et al. [2006] , and Weiss et al. [2007] . The main reasons include the mismatch between simulated and measured MODIS surface reflectances (due to not optimal selection of radiative transfer parameters, especially spectral leaf albedo) and the high sensitivity of MODIS retrievals to surface reflectance uncertainties for large LAI . Besides, an additional source of uncertainty over forests is the lack of representation of mixed forest (particularly for MODIS and GLOBCARBON algorithms calibrated per vegetation type). CYCLOPES appears to be the most accurate product over ENF and particularly over mixed forest. However, this result is inconsistent with respect to the characteristics of the CYCLOPES algorithm, which does not include clumping at the shoot scale and thus should provide lower LAI estimates than the LAI reference maps. A possible reason for this is that most forest LAI reference maps do not account for the understory, partly cancelling out the clumping effect.
[51] Over EBF, all the products show significant uncertainties, generally underestimating ground measurements, due to reflectance saturation and cloud-aerosol contamination.
Discussion
[52] We first discuss some limitations in our results and then possible improvements for future LAI products.
Study Limitations
[53] Our validation results must be put into perspective given the uncertainties associated with ground measurements, particularly over forests [Chen et al., 2006b] . Indeed, the differences in LAI uncertainty (see RMSE on Figure 10 ) between CYCLOPES, GLOBCARBON, and MODIS are smaller than 0.5 LAI, which is close to the typical bias error expected for most LAI reference maps (see section 4.2.2). Our results are particularly limited by possible lack of understory quantification in ground measurements, small number of measurements taking into account foliage clumping (see Table 2 ), uncertainty in clumping estimation, and saturation of optical measurements under evergreen broadleaf forest. These issues must be properly addressed by future validation works to improve the accuracy of LAI reference maps. Besides, the uncertainty in LAI reference maps, information lacking in current validation data sets, must be quantified in future fieldworks to properly validate global LAI products.
[54] The validation data set used in this work does not properly represent the global and seasonal variability of land surface types. Higher sampling rates are required for cropland, EBF, sparsely vegetated areas (e.g., woody savanna, open shrubland), permanent wetland sites, as well as for several regions (Africa, Eurasia, South America, Australia and Asia). Furthermore, to validate the seasonal variations of LAI products, continuous and automatic measurements of LAI should be developed.
[55] An additional source of uncertainty in our results is the possible spatial and temporal mismatch between the LAI reference maps and the moderate resolution products (see section 4.2.3). This particularly affects croplands since they are temporally and spatially more variable at the landscape scale than other vegetation classes [Garrigues et al., 2006a [Garrigues et al., , 2008a . Note, however, that similar validation results have been found by Weiss et al. [2007] for CYCLOPES and MODIS which were evaluated over the same validation data set at 3 km GSD (close to the lowest size of the LAI reference maps) and a 10-d time step (closer to the field campaign date). This suggests that differences in spatial and temporal coverage between in situ data and LAI products may not have played a major role in our study.
[56] This exercise needs to be refined by evaluating the products at their native spatial (1 km) and temporal ($8-10 d) sampling. This will ensure a better spatial and temporal consistency with validation data and will allow the evaluation of temporal smoothness and continuity of each product [Weiss et al., 2007] . , B and S are computed between the LAI products and the LAI reference maps using only those LAI reference maps for which all the products provide valid data.
[57] This work should also be updated with any new version of LAI products, in particular MODIS Collection 5 due to be complete in 2008. In MODIS Collection 5, the LUTs of the LAI algorithm were recalculated based on a stochastic radiative transfer model to address 3D radiative transfer effects of spatial heterogeneity [Shabanov et al., 2007; Huang et al., 2008] and to achieve better radiometric consistency between simulated and MODIS surface reflectance . As a direct result, the amount of best quality main algorithm retrievals over forested regions increased by 10-15% globally and Collection 4 anomalies over DBF (overestimation through the year and failure in summer) and ENF (overestimation of seasonal peak) were minimized [Yang et al., 2006c] . These improvements are still limited by the accuracy of input MODIS surface reflectance (particularly aerosols and snow contamination [Yang et al., 2006a [Yang et al., , 2006b [Yang et al., , 2006c ). Our results will serve as a reference for assessing improvements in upcoming versions of LAI products including MODIS Collection 5, CYCLOPES version 4 and GLOBCARBON version 2 which will be validated and compared in a future paper.
LAI Product Improvements
[58] This study points out several aspects of current global LAI products that need to be improved. As demonstrated in this work, distinct LAI products derived from the same sensor (e.g., GLOBCARBON, CYCLOPES, and CCRS using SPOT/VEGETATION data) can be substantially different, suggesting the importance of the preprocessing steps applied to the radiometric data and the type of algorithm used to retrieve LAI. Since uncertainties in surface reflectance limit potential improvements in LAI retrieval, particular attention must be paid to radiometric calibration, atmospheric (aerosol) correction, cloud screening and view-illumination geometry normalization. The temporal and spatial continuity of LAI products must be improved by more accurate compositing, gap filling, and smoothing procedures [Chen et al., 2006a; Gao et al., 2008] . Algorithms based on multisensor observations should be further developed to extend the set of valid remote sensing observations [Yang et al., 2006a [Yang et al., , 2006b [Yang et al., , 2006c Verger et al., 2008] . Global algorithms should also better describe the spatial and temporal variability of vegetation structure with emphasis on foliage clumping at the plant and canopy scales. A possible option could be to correct the LAI assessment by applying a clumping index derived from multiangular surface reflectance measurements Chen et al., 2005] . Since current coarse resolution observations are limited to describe mixed biomes, high spatial (20 m -100 m) and temporal (1 -10 d) sampling remote sensing observations must be developed to better capture surface spatial heterogeneity, particularly over agricultural sites [Garrigues et al., 2008a] . Finally, global algorithms could be supplemented by multiple regional algorithms calibrated using intensive field measurements over particular regions or ecosystems, as currently applied over Canada.
Conclusion
[59] In this study, the performances of four global LAI satellite products were evaluated at 1/11.2°spatial sampling and a monthly time step: ECOCLIMAP climatology, GLOBCARBON (from SPOT/VEGETATION and ATSR/AATSR observations), CYCLOPES (from SPOT/ VEGETATION data), and MODIS Collection 4 (main algorithm, from MODIS/TERRA observations). These products were spatially and temporally intercompared for the 2001 -2003 period using the BELMANIP network of sites, which represents the global variability of land surface types. Their uncertainties were assessed by direct comparison with 56 LAI reference maps that were independently derived from ground measurements and concurrent high spatial resolution data. The comparisons were made according to several criteria of performance, leading to the general conclusions summarized in Table 4. [60] First, all the products, except ECOCLIMAP, depict very smooth and continuous LAI value distributions as expected at global scale. CYCLOPES and MODIS show consistent spatial variations at continental scale, while ECOCLIMAP poorly describes surface spatial heterogeneity and GLOBCARBON tends to display erratic variations not directly linked to surface properties. However, these global products have difficulties in capturing some specific spatial patterns, as those displayed over Canada, that are well depicted by the CCRS regional algorithm because of its finer characterization of both mixed Canadian forest and land use variability.
[61] One of the most important criteria for using a satellite product in land surface models is its spatiotemporal continuity (i.e., no data gaps) and consistency. ECOCLIMAP is the only product that does not have spatiotemporal gaps. GLOBCARBON is also characterized by high spatiotemporal continuity despite some systematic missing data at particular locations. Conversely, MODIS and CYCLOPES tend to exhibit poor spatiotemporal continuity, especially in The plus (minus) symbol means that the product has a good (poor) performance according to this criterion.
winter over the northern high latitudes (due to cloud and snow coverage and low solar zenith angle), and over the equatorial belt (because of cloud cover). Over deciduous broadleaf forests, MODIS main algorithm frequently fails during the growing season and overestimates LAI throughout the year. This is mainly due to high sensitivity of MODIS main algorithm to noise in surface reflectances at large LAI, mismatch between simulated and measured MODIS surface reflectances, and lack of discrimination between deciduous and evergreen broadleaf forests. Note that these issues are now addressed in MODIS Collection 5. While ECOCLIMAP does not describe interannual LAI variations, CYCLOPES, MODIS, and GLOBCARBON show consistent temporal profiles with realistic seasonal and interannual variations over all vegetation types, except evergreen broadleaf forest. Note, however, that GLOBCARBON is inclined to display spurious temporal variations during the growing season over forests.
[62] All the products demonstrate an adequate dynamic range of retrieved LAI, except CYCLOPES, for which the retrieved LAI range is limited to 0 -4 (due to early saturation and lack of clumping representation in the algorithm). This results in LAI underestimation for CYCLOPES over dense vegetation (forests). Note, however, that GLOBCARBON locally exhibits unrealistic high values for evergreen needleleaf forest at 10 km GSD. All the products consistently provide low LAI over sparsely vegetated areas or during the dormant season, except MODIS, which displays unrealistic high values. The low values shown by most products over high latitude evergreen needleleaf forests in winter are also not realistic and reflect the impact of low solar zenith angle, snow, and cloud contamination. The comparison between retrievals indicates large positive bias between ECOCLIMAP and the others products. CYCLOPES, MODIS, and GLOBCARBON LAI values agree better over croplands and grasslands than over forests, where differences in representation of vegetation structure (e.g., foliage clumping, understory) and leaf optical properties between algorithms, as well as high sensitivity to surface reflectance uncertainties, lead to substantial LAI discrepancies between products.
[63] This analysis indicates that CYCLOPES is the most similar product to the LAI reference maps, despite the lack of leaf clumping representation in the CYCLOPES algorithm. It also shows that MODIS and CYCLOPES are the most accurate over grass and crops and confirms the well-known overestimation of MODIS Collection 4 over deciduous broadleaf and needleleaf forests. Large uncertainties are observed for all the products over evergreen broadleaf forests due to highly saturated and contaminated surface reflectances. However, the direct validation results, reported here, must be put into perspective given the uncertainties in ground measurements (primarly understory and clumping estimation), the poor description of global and seasonal variability of land surface types and the possible spatial and temporal coverage mismatch between validation data and satellite products.
[64] Finally, the validation and intercomparison framework presented in this paper can be used for the evaluation of other remote sensing products such as albedo, fPAR, and surface temperature. This exercise is critical for the proper use of remote sensing products in land surface model as well for their consistent and continuous integration into climatic data records, both requiring updated and accurate validation results.
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